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Reconstruction of the neutrino mass spectrum and lepton mixing is one of the
fundamental problems of particle physics. In this connection we consider two
central topics: (i) the origin of large lepton mixing, (ii) possible existence of new
(sterile) neutrino states. We discuss also possible relation between large mixing
and existence of sterile neutrinos.
1 Introduction
The experimental situation can be summarized in the following way:
1. Recent SuperKamiokande (SK) results on the atmospheric neutrinos
give strong evidence for the oscillations of the muon neutrinos with large (max-
imal) depth 1. An open question is to which extend the electron neutrinos are
involved in the oscillations and whether an excess of the e-like events exists.
2. The situation with solar neutrinos is rather uncertain. The data indicate
unexpected distortion of the recoil electrons energy spectrum 2. It is unclear
whether we deal with just statistical fluctuations, or distortion of the boron
neutrino spectrum or an excess of the events near the end point which is
not related to boron neutrinos. No day-night asymmetry and no earth core
enhancement of signal have been found.
3. LSND collaboration has further confirmed the oscillation interpretation
of their result 3. At the same time, KARMEN 4 does not see the oscillation
effect concluding that the data are approaching the situation when one can
speak on direct contradiction between the two experiments.
4. Recent cosmological observations (early galaxies, clusters evolution,
high redshift supernova type IA data) show that a contribution of neutrinos
to the energy density of the Universe should be smaller than it was thought
earlier, and the Hot Dark Matter (HDM) is not necessary for the fit of data
on the large scale structure 5. At the same time, some amount of the HDM is
not excluded and may be needed for the further tuning of the data.
aTalk given at the 5th International WEIN Symposium: A Conference on Physics Beyond
the Standard Model (WEIN 98), Santa Fe, NM, June 14–21, 1998.
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Keeping this in mind, we will concentrate on models which explain the
solar and the atmospheric neutrino data. We will consider main issues of the
present day discussions:
1. Origin of the large leptonic mixing.
2. Possible existence of new neutrino states (sterile neutrinos).
3. We also comment on possible relation of these two issues, addressing
the question: is large mixing the mixing with sterile neutrinos?
According to the SK result, muon neutrinos oscillate into tau neutrinos or
probably into sterile neutrinos. The effective mixing angle which determines
the depth of oscillations should be large in both cases
sin2 2θ > 0.8. (1)
The favoured mode is νµ − ντ , although νµ − νs gives comparably good fit of
the data. Pure νµ−νe channel is strongly disfavored by the SuperKamiokande
data itself , and restricted by the CHOOZ result 6. At the same time, a small
contribution of the νµ− νe channel is possible and probably desired in view of
some excess of the e - like events.
In this connection the basic questions are
• Why lepton mixing is large while quark mixing is small? Is this consis-
tent with quark-lepton symmetry (correspondence) and Grand Unifica-
tion? The question has more general conceptual nature. The picture we
had before is that known quarks and leptons form families with weak in-
terfamily connection (characterized by mixing). Should we support this
conception in view of maximal mixing between the second and the third
generations of leptons?
• Is lepton mixing maximal between the second and the third generations
only, or probably all lepton mixings are large? In other words is the ob-
served large lepton mixing the feature of the second and third generation
or it is the property of all leptons?
The answer to this question will come from studies of solar neutrinos. In
the first case the small mixing MSW - solution is realized, whereas in the
second case the choice will be between the large mixing MSW solution
and long range vacuum oscillations (“just-so”).
Completely different possibility is that large mixing is the mixing with new
(sterile) neutrino state. In this case the mixing between flavor states can be
small in analogy with quark mixing.
2
2 Patterns of neutrino mass and mixing
Before going into details of the theoretical analysis, we will describe possible
patterns of the neutrino mass and mixing which are implied by phenomenology.
Here we consider three types of neutrino schemes with single, double (bi-) and
triple maximal mixing.
2.1 Single maximal mixing
The scheme has the hierarchical mass spectrum
m3 = (0.3− 3) · 10−1eV, m2 = (2 − 4) · 10−3eV, m1 ≪ m2 (2)
with νµ and ντ mixed strongly in ν2 and ν3 (see fig. 1). The electron flavor
is weakly mixed: it is mainly in ν1 with small admixtures in the heavy states.
The solar neutrino data are explained by νe → ν2 resonance conversion inside
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Figure 1: Neutrino masses and mixing for the “solar and atmospheric” neutrinos. Boxes
correspond to the mass eigenstates. The sizes of different regions in the boxes show admix-
tures of different flavors. Weakly hatched regions correspond to the electron flavor, strongly
hatched regions depict the muon flavor, black regions present the tau flavor.
the Sun. Notice that νe converts to νµ and ντ in comparable portions. The
atmospheric neutrino problem is solved via νµ ↔ ντ oscillations. Small νe
admixture in ν3 can lead to resonantly enhanced oscillations in matter of the
Earth.
There is no explanation of the LSND result, and the contribution to the
Hot Dark Matter component of the universe is small: Ων < 0.01.
The scheme can provide significant amount of the HDM without change
of the oscillation pattern if all three neutrinos have degenerate masses: mi ≈
3
m0 ∼ 1 eV with small splitting:
∆m12 ≈ ∆m
2
2
2m0
=
∆m2⊙
2m0
, ∆m23 ≈ ∆m
2
3
2m0
=
∆m2atm
2m0
, (3)
where m2 and m3 are defined in (2) and
∆m2⊙ ≈ 6 · 10−6eV2, ∆m2atm ≈ (10−3 − 10−2)eV2. (4)
In this case an effective Majorana mass of the electron neutrino equals mee ≈
m0 and searches for the neutrinoless double beta decay give crucial check of
the scheme.
The scheme can be probed by the long baseline experiments.
2.2 Bi-large and bi-maximal mixings
The previous scheme (fig. 1) can be modified in such a way that solar neutrino
data are explained by large angle MSW conversion with sin2 2θ ∼ 0.7−0.9 and
∆m2 = (2− 20) 10−5 eV2.
In a version of the scheme with mass degeneracy, the cancellation in the
effective Majorana mass of the electron neutrino can occur, so that mee ∼
m0
√
1− sin2 2θ will be substantially lower than present bound even form0 > 1
eV (see 7 for recent discussion).
The solution of the atmospheric neutrino problem is basically the same as
in the previous case. There is a suggestion 8 that mass splitting ∆m2 > 10−4
eV2 between the two light states could be relevant for the atmospheric neutrino
problem. In particular, this mode can lead to the zenith angle dependence of
the detected events. In this case the 23-splitting could be much larger to
accommodate the LSND result. However, in 8 the matter effect has not been
taken into account, and the latter, in fact, strongly suppresses the oscillation
depth.
In the bi-maximal scheme 9 neutrinos have masses
m3 = (0.3− 3) · 10−1eV, m2 ∼ (0.7− 2) · 10−5eV, m1 ≪ m2 (5)
(see fig. 2); νµ and ντ mix maximally in ν3 = (νµ + ντ )/
√
2; the orthogonal
combination, ν′2 ≡ (νµ − ντ )/
√
2 strongly mixes with νe in ν1 and ν2. There is
no admixture of νe in the ν3. The corresponding mixing matrix has the form:
VMNS =


1√
2
− 1√
2
0
1
2
1
2 − 1√2
1
2
1
2
1√
2

 , (6)
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Figure 2: Neutrino masses and mixing pattern of the bi-maximal mixing scheme.
The solar neutrino problem can be solved via νe ↔ ν′2 “Just-so” vacuum
oscillations. Notice that νe converts equally to νµ and ντ . Larger values of
∆m2 lead to the averaged oscillation result which does not give a good fit of
the solar neutrino data.
The atmospheric neutrino anomaly is solved via νµ ↔ ντ maximal depth
oscillations.
Let us comment on the version of the bi-maximal scheme with inverted
mass hierarchy: m1 ≈ m2 ≫ m3 (3). Such a possibility can be realized in
the model with approximate Le−Lµ−Lτ -symmetry. The corresponding mass
matrix has the form:
mν =

 ǫ
′ 1 1
1 ǫ ǫ
1 ǫ ǫ

 . (7)
Two states with maximal (or large) νe mixing are heavy and degenerate,
whereas the third state with large νµ − ντ mixing and small νe admixture
is light. In this scheme the νe − ν′3 level crossing occurs in the antineutrino
channel, so that in supernovae ν¯e will be strongly converted into combination
of ν¯µ, ν¯τ and vice versa. As the result the ν¯e’s will have hard spectrum of the
original ν¯µ.
One can introduce a degeneracy of neutrinos (keeping the same ∆m2)
to get significant amount the HDM in the Universe without change of the
5
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Figure 3: The neutrino mass and mixing in the bi-maximal mixing scheme with inverse
mass hierarchy.
oscillation pattern. The effective Majorana mass of the electron neutrino is
zero in the strict bi-maximal case, so that no effect in the double beta decay is
expected due to light neutrinos. In this scheme one needs two mass splittings
of the order 10−3 eV and 10−10 eV respectively which looks very unnatural.
2.3 Threefold maximal mixing
In such a scheme 10 all the elements of the mixing matrix are assumed to
be equal: |Uαi| = 1/
√
3 (4). In all flavor channels All three frequencies of
oscillations contribute to all flavor channels equally. The atmospheric neutrino
problem is solved by νµ ↔ νe and νµ ↔ ντ oscillations with equal depth:
sin2 2θ = 4/9, so that the νµ - disappearance is characterized by sin
2 2θ = 8/9.
The CHOOZ bound implies that ∆m2 < 10−3 eV2.
The solar neutrino survival probability equals P = 4/9P2+1/9, where P2 is
the two neutrino oscillation probability with maximal depth and smallest mass
splitting ∆m212. It is assumed that ∆m
2
12 < 10
−11 eV2, so that 1 - 2 subsystem
of neutrinos is frozen and P2 = 1. As the result the solar neutrino flux will
have energy independent suppression P = 5/9. The fit of both the atmospheric
and the solar neutrino data is substantially worser than in previous schemes.
3 Large Lepton Mixing
6
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Figure 4: Neutrino masses and mixing in the scheme with threefold maximal mixing.
3.1 Is large lepton mixing the problem?
Let us first clarify whether the problem of large mixing exists at all. The
conception of families of fermions can be expressed in the following way. In
certain basis mass matrices of both upper and down fermions (from doublets)
have hierarchical structure with small off-diagonal elements. The matrices are
considered to be natural 11 if the mixing angles θij satisfy inequality
|θij | ≤
√
mi
mj
, (8)
where mi and mj are the eigenvalues. (In this case no special arrangement of
the matrix elements is needed).
Let us consider the second and third generations of leptons and introduce
the angles θcl and θν which diagonalize the mass matrices of the charged leptons
and the neutrinos correspondingly. Then the lepton mixing angle equals
θl = θcl − θν . (9)
Using (8) we get
θcl ≈
√
mµ
mτ
∼ 130, θν ≈
√
m2
m3
∼ 140 , (10)
where for m3 ∼ 0.05 eV and m2 ∼ 0.003 eV are the values of masses required
by solutions of the atmospheric and the solar neutrino problems. If the angles
7
θcl and θν have opposite signs, so that θl = |θcl| + |θν |, we find θl = 27◦ and
sin2 2θ = 0.67 − 0.72 - close to the desired value 13. Thus, the large lepton
mixing is consistent with the naturalness of the mass matrices.
Notice that if neutrino masses are due to the see-saw mechanism and the
mass matrix of the RH neutrinos has no hierarchy: ∼ M0 · Iˆ, then mi ∝ m2D
and the mixing angle is determined by the Dirac mass matrix mD. In this case
relation between the masses and mixing becomes |θν | ≈ 4
√
m2/m3
12 which
leads to sin2 2θ = 0.96.
For quarks the mixing is small if the corresponding angles θu and θd have
the same signs and therefore cancel each other in the total mixing. The same
cancellation may occur for the mixing of the first and second generations, thus
leading to a small mixing solutions of the solar neutrino problem.
So, the problem of the large mixing is reduced to explanation of signs
(phases in general) of contributions to mixing from the upper and the down
fermions. In fact, the change of the relative sign of the contributions in the
lepton sector can be related to the see-saw origin of the neutrino mass 14.
Thus, the large lepton mixing can be well consistent with our “standard
notions”: quark - lepton symmetry (similarity of the Dirac mass matrices),
usual family structure and the see-saw mechanism.
The alternative possibility is that large lepton mixing is a manifestation of
new physics beyond the “standard notion”. In what follows we will concentrate
on this interpretation.
3.2 Classifying possibilities
Trying to answer the question why the lepton mixing is large, while the quark
mixing is small one can think about the following possibilities:
• Large lepton mixing is the mixing of muon neutrino with sterile neutrino.
In this case the question does not exist: There is no analogue of νµ − νs
mixing in the quark sector.
• If the atmospheric neutrino anomaly is due to νµ − ντ mixing, there are
two options:
1). Mechanism of the neutrino mass generation differs from that of the
quarks. For instance, the mass matrix could be
mν = m
rad
ν +m
see−saw
ν , (11)
where msee−sawν is the see-saw contribution, whereas m
rad
ν is the contribution
from radiative mechanism. The radiative contribution can dominate and the
8
role of the see-saw is just to suppress the effect of the Dirac mass term. The
simplest version of the radiative mechanism which leads to a large lepton mix-
ing is the Zee-mechanism 15. The key element is new charged scalar boson S+
being singlet of SU(2). (Also second higgs doublet is introduced to have the
couplings with S+). In this case large lepton mixing is the consequence of
- SU(2) gauge symmetry: the coupling of the singlet with lepton doublets
fαβL
T
αiσ2LβS
+ is antisymmetric in family index.
- assumption that there is no strong inverse hierarchy of fαβ ,
- mass hierarchy of charge leptons.
The model can be supplied by additional sterile neutrino to explain the
solar neutrino problem 16.
2). Mechanism of the neutrino mass and lepton mixing generation is closely
related to generation of the quark and charged lepton masses. This possibility
is realized by the see-saw mechanism 17. According to the see-saw mechanism:
mν = −mDν M−1mD Tν +m0, (12)
where mDν is the Dirac mass matrix of neutrinos, M is the Majorana matrix
of the RH components and m0 is the direct majorana mass matrix of the left
components which appears if the scalar (SU2) triplet exists with no-zero VEV.
In the quark sector the mixing is determined by two matrices: mu for the
upper quarks and md for the down quarks. The mixing (CKM -) matrix is the
product of matrices of the left component rotations:
VCKM = V
†
u · Vd. (13)
In contrast, the lepton mixing is determined by three matrices mDν , ml and
M , and the lepton (MNS) mixing matrix 18 can be written as:
VMNS = Vss · Vν · Vl . (14)
Here Vss is the see-saw matrix which specifies the see-saw mechanism itself
19. It describes the influence of the matrix M structure on the lepton mixing.
Obviously, if M ∝ I, Vss = I and VMNS = V †ν · Vl in analogy with the CKM
structure. According to (14), there are three possible sources of the large
mixing (of course, the interplay of several is possible):
• Vss, that is, the see-saw mechanism itself leads to enhancement (the see-
saw enhancement);
• Vν which follows from Dirac neutrino mass matrix;
9
• Vl which follows from mass matrix of the charged leptons.
Here we have neglected possible effect of m0, which in fact can also be
important. Notice, that precise origin of the enhancement (e.g. Vν or Vl)
depends on basis in which the mass matrices are introduced.
Recently, a number of models have been suggested which realize the three
above possibilities.
3.3 See-saw enhancement of lepton mixing
Not only the smallness of the neutrino mass but also large lepton mixing can be
related to Majorana nature of neutrinos and both can follow from the see-saw
mechanism.
It is natural to assume (in a spirit of the grand unification) that the lepton
Dirac mass matrices are similar to the quark mass matrices at some unification
scale: mDν ∼ mu and ml ∼ md, and moreover, for the third generation one
may expect the equalities: mν3 = mt, mτ = mb. Then the difference in the
quark and lepton mixing can follow from specific structure of M .
If the influence of the first generation on the mixing of the second and
the third generations is small (and the problem is reduced to two generation
problem), one gets two different conditions of the strong see-saw enhancement
20:
(i) Strong interfamily connection. In the basis where the neutrino Dirac
mass matrix is diagonal (Dirac basis), M should be off-diagonal:
M ∼M0

 a 0 00 0 b
0 b 0

 , (15)
where a and b are some numbers. The off-diagonal form of M can in turn
be related to the Majorana nature of neutrinos. Prescribing the horizontal
charges (0, 1, -1) we reproduce (15).
(ii) Strong mass hierarchy. In the two generation case the matrix Vss can
be parametrized by the see-saw angle θss which can be related to the hierarchies
of the eigenvalues of the Dirac, mDi , and Majorana, Mi, mass matrices: ǫD ≡
mD2 /m
D
3 , ǫM ≡ M2/M3. Introducing also ǫ0 ≡ M02/M03 ≡ ǫ2Dm3/m2 (where
M0i are the masses of the RH neutrinos which give in the absence of mixing
in M the masses of the light neutrinos m2 and m3) we get
20
sin θss ≈ ǫ
2
D
ǫ0
(√
ǫ0
ǫM
− 1
)
. (16)
10
Clearly, without mixing in M in the Dirac basis ǫM = ǫ0 and the θss = 0. We
get θss ∼ 1, if ǫM ∼ ǫ2D ∼ 10−6, so that one mass can be M2 ∼ 109 GeV and
another one M3 ∼ 1015 GeV (see fig. 5). This opens interesting possibility,
that third neutrino acquires the GU -scale mass. Two other RH neutrinos are
massless at ΛGU and acquire masses at the intermediate scale. Notice that in
this case, mixing in the M should be relatively large:
sin2 θM =
√
ǫ0ǫM . (17)
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Figure 5: Masses of the RH neutrinos for the solar and atmospheric neutrinos. Solid lines
correspond to masses in absence of mixing in the Dirac basis, M0i. Shadoved boxes corre-
spond to small (natural value of) mixing. Product of masses M2 · M3 does not depend on
mixing. Large mass hierarchy (weakly shadowed boxes) leads to enhancement of mixing.
Recently such a possibility has been realized in the scenario with textures
of the mass matrices which also describe the masses of the charged fermions
21. In one version
mDν ≈ mu = mt

 0 0 x0 x 0
x 0 1

 , M ∼M0

M1 M2 0M2 M3 0
0 0 M ′

 , (18)
where x ≡ mc/mt, Mi ∼ M ∼ 1010 GeV and M ′ ∼ 1016 GeV. Notice that
mixing between the first and the second generations is small. It is interesting
that the Georgi- Yarlskog ansatz for charged leptons and quarks leads to
sin θeµ ≈ 1
3
√
2
sin θc ≈ 0.05 (19)
11
well in the range of small mixing MSW solutions of the solar neutrino problem.
Thus the large lepton mixing does not imply necessarily strong interfamily
connection. As the consequence of the see-saw mechanism, the large mixing
can follow from small interfamily mixing (in M and mD) but strong mass
hierarchy in M .
3.4 Large mixing and fine tuning?
Large (maximal) mixing “likes” degeneracy. Indeed, the symmetric 2× 2 mass
matrix with the diagonal elements a and c, and the off-diagonal elements b,
leads to
tan θ =
2b
a− c ,
m1 −m2
m1 +m2
=
2b
a+ c
. (20)
The second equality holds for the large mixing angle which implies (a−c)/b≪
1. If a/b ≪ 1 and c/b ≪ 1, then one gets pseudo Dirac neutrino system with
m1 ≈ −m2 and |m1| − |m2| ≈ (a+ c)/2b.
In the scenario of fig. 1 which explains both the solar and atmospheric
neutrino data one encounters the following problem: ν2− ν3 subsystem should
have large mixing and strong mass hierarchy: m2/m3 ∼ (5 − 6) · 10−2. This
means that all the elements of the mass matrix should be almost equal each
other: a ≈ b ≈ c. In particular, b ≈ a (1− 2m1/m2).
In the context of the see-saw mechanism the large mixing and strong mass
hierarhy can be reconciled if
(i) only one right handed neutrino participates in the see-saw mechanism
(or gives dominant contribution) and
(ii) this RH neutrino couples equally with both LH components 22,23.
The mass matrix for this subsystem is

 0 0 m10 0 m2
m1 m2 M

 . (21)
It leads to one massless state and maximal mixing of the light components
provided m1 ≈ m2. Small corrections to the above structure result in strong
mass hierarchy of the eigenstates.
The dominance of only one RH neutrino contribution to the see-saw can
be achieved in two different ways:
(i) one of the RH neutrinos is much lighter than two others. This is
equivalent to the see-saw enhancement due to the strong mass hierarchy.
(ii) The Yukawa coupling of one RH neutrino with left components is much
larger than the couplings of others RH neutrinos 24. This leads to dominance
12
of the corresponding two elements in the Dirac mass matrix 24. In the latter
case the mixing is enhanced by mDν .
3.5 Large mixing from ml
There is some hint that mixing between the second and third generations of
leptons can be different from the quark mixing as well as mixing of the first
and second generations. Indeed,
mµ
mτ
= 3
ms
mb
= 10
mc
mt
. (22)
The lepton hierarchy is weaker. Weak mass hierarhy can testify for larger
mixing. So, the enhancement of mixing can be associated with the charged
leptons.
The non-symmetric Dirac matrix has two off -diagonal parameters which
can control independently mass hierarchy and mixing, so that the problem of
fine tuning discussed in the sect. 3.4 does not appear. Consider the following
mass matrices in the basis f cLMFfL (left components are to the right):
ml = mτ
(
0 ǫ
ρ 1
)
, md = mb
(
0 ρ
ǫ′ 1
)
, (23)
where ρ ∼ 1≫ ǫ, ǫ′. Mass hierarchy is determined by the smallest off-diagonal
element. Since only the left component rotations contribute to the mixing, the
matrices ml and md lead to two different mixings of the quarks and leptons:
The matrix ml is diagonalized by large angle rotation of the left components,
whereas md is diagonalized by small angle rotations of the left components.
Such a situation can be easily realized in the SU5 Grand Unification, where
the left components of the charged leptons, lL, are unified with the right com-
ponents of the down quarks, dR in the 5-plet, whereas right components lR
are unified with dL in the 10 - plets. Therefore one expects the same large
rotations of the lL (which determine the mixing) and dR (which is irrelevant
for mixing). The mass terms
h235¯21035H + h325¯31025H + h335¯31035H
and h23 ∼ h33 ≫ h32 reproduce matrices (23). (Here subscripts indicate the
generation number.)
In the SO10 model, 5¯ and 10-plets enter the same 16-plet, and conse-
quently, h23 = h32. Therefore realization of the above possibility
25 implies the
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Figure 6: The diagram which generate large lepton mixing
SO10 breaking by the effective Yukawa couplings and asymmetry in the inter-
actions of 162 and 163. For this new heavy supermultiplets were introduced
25: 10 and 10′ of matter fields and 16H , 16′H 1¯6
′
H of Higgses. The couplings
162 10 16H + 163 10
′ 16′H +
1
MP
10 10′ 16H 1¯6
′
H
generate the mass terms via the diagram (fig. 6). The Higgs doublet is in
16′H . In the effective Yukawa coupling the SO10 is broken by VEV of 16H .
The asymmetry appears since 162 couples with 16H which gets the VEV in the
direction of singlet of SU5, whereas 163 couples with 16
′
H whose SU2 doublet
component gets a VEV (at the electroweak scale).
3.6 Large mixing from mDν
In the GU theories such as SU5 the Dirac mass terms for upper quarks, charged
leptons and neutrinos have different gauge structure:
mu ∼ 10 · 10, md, ml ∼ 5¯ · 10, mν ∼ 5¯ · 1 . (24)
Suppose the smallness of the mixing and the mass hierarchy characterized by
small parameter ǫ is associated with 10-plet 26. Then according to (24) one
would expect
(1) hierarchy (smallness of mixing) of the order ǫ2 for the upper quarks,
(2) smallness ǫ for the down quarks and charged leptons (and indeed this is
observed in experiment!)
(3) no hierarchy of masses and mixings for neutrinos! Thus one expects large
lepton mixing.
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This scenario can be realized, if the states in 10-plet are mixtures of the
light and superheavy (M ∼ ΛGU ) fermions 26:
u0 ≈ ǫu+ U, d0 ≈ ǫd+D, e0 ≈ ǫe+ E. (25)
So, the hierarchy of the masses and mixing follows from mixing in the 10-plet.
Thus, large lepton mixing is consistent with the quark-lepton symmetry
and the Grand Unification. The difference between the quark and lepton mix-
ing can be related to breaking of the left-right symmetry and breaking of the
GU -symmetry itself.
4 Family symmetry and large mixing
The observed mass and mixing hierarhy can be a consequence of the U(1)F
family symmetry 27. Let us summarize main points of the approach in 28.
1. Fermions carry certain U(1)F charges. (Prescription of charges which
leads to realistic mass matrices implies that U(1)F -symmetry is anomalous.)
For lepton doublets and RH neutrinos we denote the charges as
Li : (q1, q2, q3), N
c
i = (n1, n2, n3) (i = 1, 2, 3) . (26)
2. U(1)F is spontaneously broken by non-zero VEV of the field θ with the
charge qθ = −1. (In version 29 two fields θ and θ¯ with opposite charges are
introduced, see below).
3. The Yukawa couplings appear as the effective operators after U(1)F -
symmetry breaking. For neutrinos we have:
hijLiHuN
c
j
( 〈θ〉
M
)qi+nj
+MNξijN
c
iN
c
j
( 〈θ〉
M
)ni+nj
, (27)
where hij , ξij = O(1). M is the scale at which the operators (27) are generated.
In the renormalizable theory M is the scale of masses of new heavy bosons or
fermions which are integrated out in (27). It is suggested that 〈θ〉 is smaller
than M :
λ ≡ 〈θ〉
M
∼ sin θc , (28)
where θc is the Cabibbo angle. It is this parameter λ that determines the mass
and mixing hierarchy.
The couplings (27) generate the mass matrices for neutrinos:
mDν = diag(λ
q1 , λq2 , λq3) hˆ diag(λn1 , λn2 , λn3)〈Hu〉,
Mν = diag(λ
n1 , λn2 , λn3) ξˆ diag(λn1 , λn2 , λn3)MN .
(29)
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The see-saw formula gives for light neutrinos:
mν =
〈Hu〉2
M
diag(λq1 , λq2 , λq3 ) hˆ ξˆ−1 hˆTdiag(λq1 , λq2 , λq3 ). (30)
Notice that mν does not depend on charges of the RH neutrinos. (In this
approach the structures of the mDν and M are correlated.)
The charges were assigned using the phenomenological input, in particular,
ms
mb
≈ λ2, mµ
mτ
≈ λ2, Vcb ≈ λ2. (31)
(In fact, the above relations are satisfied with accuracy up to the factor 3.)
This allows to reconstruct the mass matrix of down quarks, using also the
equality of charges qij + qji = qii + qjj :
md ∝

λ
4 λ3 λ3
λ3 λ2 λ2
λ 1 1

 . (32)
The key result which eventually leads to the possibility of large lepton mixing
is that the elements of the second and the third columns are of the same order.
This means that that dc2 and d
c
3 have the same charges and the matrix (32) is
diagonalized by the large angle rotation of these right components.
The connection between the U(1)F charges of the quarks and leptons has
been established in the following way. The charges of quarks can be written as
q(dci ) = B(2,−1,−1), where B is the baryon number. This expression can be
generalized to include the leptons in spirit of SU5 as q(fi) = (B−L)(2,−1,−1)
which gives for leptons q(Li) = −(2,−1,−1) 28. As in the quark sector, the
charges of the second and the third generations of leptons are equal: q2 = q3 .
The assignment of charges leads to the mass matrix of neutrinos:
mν ∝ 〈Hu〉
2
M

λ
6 λ3 λ3
λ3 a b
λ3 b c

 , (33)
where a, b, c ∼ O(1).
This matrix is diagonalized by large ν2 − ν3 rotation. Therefore it admits
large µ−τ mixing. At the same time, the symmetry does not give large mixing
automatically. Indeed, in this approach the LH components of the leptons of
the second and third generations also have the same charges, and therefore, the
matrix elements of the same order. As the consequence, the charged lepton
mass matrix is also diagonalized by large 2 - 3 rotation. Resulting lepton
16
mixing is determined by mismatch of the two large rotations of neutrinos and
charge leptons and it may not be large. Thus, explanation of the large mixing
is reduced to a theory of prefactors in front of powers of λ.
As it was discussed in sect. 3.4, simultaneous explanation of the solar and
the atmospheric neutrino problems implies a ≈ b ≈ c. So, precise mass and
mixing pattern depends on values of prefactors which are not determined in
this approach.
The equality of the charges can follow from “non-parallel” charge assign-
ment 30 according to which the same charges have the following matter multi-
plets of the SU(5): 101, (102, 5¯1) and (103, 5¯2, 5¯3).
In a realization of the horizontal symmetry 29 suggested earlier, the U(1)F
symmetry is broken by VEV’s of two fields θ and θ¯ with opposite charges.
There are two small parameters which determine the mass hierarchy: ǫ ≡
〈θ〉/M2 and ǫ¯ ≡ 〈θ¯〉/M2. Down quarks and charged leptons have different
charge prescriptions which is motivated by the weak hierarchy (22). As a con-
sequence, the mass matrix for the charge leptons has the following hierarchical
structure:
ml ∝

 0 ǫ¯
3 0
ǫ¯3 ǫ¯
√
ǫ¯
0
√
ǫ¯ 1

 , (34)
whereas in the mass matrix for down quarks the 23-element is ∼ ǫ¯. The mixing
between the second and third generations equals
V23 =
√
ǫ¯+ eiδǫ , (35)
where the last term follows from diagonalization of the neutrino mass matrix.
The main contribution to mixing comes from the charge leptons.
5 Democratic approach
One can generate hierarchies of masses and mixing starting by the mass ma-
trices of the “democratic” form 31:
Dˆ =

 1 1 11 1 1
1 1 1

 . (36)
The matrix has the permutation S3L × S3R symmetry. The exact symmetry
leads to zero mixing and only one nonzero mass eigenstate. This is the first
approximation to the situation in the quark sector. Weak violation of the
symmetry leads to the mass hierarchy and small mixing.
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Within this framework it is possible to explain large lepton mixing and
avoid the fine tuning we have discussed in sect. 3.4. The main observation
is that the Majorana mass matrix has the symmetry S3L which admits more
general the form
mν = aIˆ + bDˆ , (37)
where Iˆ is the unit matrix. If for some reason (e.g. related to the zero electric
charge of neutrino) b = 0, then mν = aIˆ. At the same time ml ∝ Dˆ which
gives the following mixing matrix:
VMNS =


1√
2
− 1√
2
0
1√
6
1√
6
− 2√
6
1√
3
1√
3
1√
3

 . (38)
In the limit of exact S3L×S3R two leptons are massless and only tau lepton gets
the mass; all three neutrinos are degenerate. The weak violation of S3L × S3R
gives small masses of muon and electron and splitting of neutrino masses.
Different forms of violation of the symmetry lead to different phenomenological
consequences. In 32 the symmetry was broken by diagonal matrices
δmν = diag(−ǫν, ǫν , δν), δml = diag(−ǫl, ǫl, δl) ,
where ǫ and δ are fixed by masses of neutrinos and charged leptons. They lead
to only weak modification of the mixing matrix. Instead of zero in (38) one
gets −(2√me/mµ)/√6.
Such a scheme can solve the solar neutrino problem via “Just-so” oscil-
lations νe → νµ, ντ with sin2 2θ = 1. The atmospheric neutrino data are ex-
plained by νµ ↔ ντ oscillations with sin2 2θ = 8/9. Small admixture of νe in ν3
(sin2 2θ ≈ 16/6me/mµ = 1.5 · 10−2) can be relevant for atmospheric neutrinos
and also can induce strong adiabatic transitions νe → νµ, ντ in supernovae.
In contrast, the symmetry violating matrix 33
δmν = m0

 0 ǫν 0ǫν 0 0
0 0 δν

 (39)
will lead to small νe − ντ mixing and ∆m212 = 4ǫνm0, ∆m213 = 2δνm0.
Notice that in this approach the origin of the large lepton mixing is the Ma-
jorana character of neutrinos which implies S3L symmetry and the assumption
that mν ∝ Iˆ.
In this approach the smallness of the neutrino mass is not explained, and
the see-saw mechanism does not work. Indeed, the Dirac mass matrix of neu-
trinos mDν ∝ Dˆ leads to mν ∝ Dˆ for any non-singular mass matrix of the RH
components.
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5.1 Universal strength of Yukawas
According to ansatz 34 the mass matrices have the form
mν =

 e
iα1 1 1
1 eiα2 1
1 1 eiα3

 . (40)
Certain choice of phases leads to desired mass hierarchies and mixing. For in-
stance, α1 = α2 for neutrinos and α1 = −α2 for charged leptons result in small
mixing MSW solution of the solar neutrino problem and νµ ↔ ντ oscillation
solution of the atmospheric neutrino problem.
6 Beyond Three Neutrinos
There are two motivations for the introduction of sterile neutrinos: (i) to
reconcile different neutrino anomalies including the LSND result; (ii) to explain
existence of the large mixing in the leptonic sector (in contrast with quark
sector). Large mixing implied by the atmospheric neutrino data can be the
mixing of νµ with sterile neutrino. All flavor mixings can be small.
There is another, indirect connection related to the fact that large (maxi-
mal) mixing prefers degeneracy of mass. If the atmospheric neutrino problem
is solved by oscillations of νµ and ντ which strongly mix in degenerate states,
then the only way to solve the solar neutrino problem without additional de-
generacy is to introduce a sterile neutrino which mixes with νe.
6.1 Schemes with νµ − νs oscillations of atmospheric neutrinos
Two possibilities have been discussed.
I. Intermediate mass scale scenario is characterized by neutrino mass hi-
erarchy, small mixing, and the Majorana masses of the right neutrinos (in the
context of the see-saw) at the intermediate mass scale: 1010 − 1013 GeV. In
addition, the light singlet fermion can be introduced to solve the atmospheric
neutrino problem 35 (fig. 7). The neutrino masses equal
m4 = (0.3− 3) · 10−1eV, m2 ∼ 3× 10−3eV, m3 ∼ 1eV, m1 ≪ m2. (41)
νs and νµ mix strongly in the ν2 and ν4 eigenstates, so that νµ ↔ νs oscillations
solve the atmospheric neutrino problem; νe → νµ, νs resonance conversion ex-
plains the solar neutrino data, and ν3 can supply significant amount of the
19
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Figure 7: Neutrino masses and mixing in the intermediate mass scale scenario. Here white
parts of boxes correspond to the sterile state.
HDM.
II. Grand Unification Scenario. The see-saw mechanism based on the
Grand Unification leads to the mass of the heaviest neutrino (≈ ντ ) in the
range (2− 3) · 10−3 eV, and hence, to a solution of the solar neutrino problem
via the νe → ντ MSW conversion. An existence of the light singlet fermion,
νs, which mixes predominantly with muon neutrino through the mixing mass
mµs ∼ O(1) eV allows one 36 (i) to solve the atmospheric neutrino problem via
the νµ ↔ νs oscillations, (ii) to explain the LSND result and (iii) to get two
component hot dark matter in the Universe (fig. 8). Similar scheme has been
suggested previously in another context 37.
6.2 On νµ − νs solution of the atmospheric neutrino problem
There are two important features of the νµ − νs oscillation solution which
distinguish it from the νµ − ντ one.
(i) Matter effect is important for the νµ − νs mode and it does not influ-
ence practically νµ − ντ mode. The matter effect changes total numbers and
distributions of the upward-going muon events and the multi-GeV events.
The matter potential for the νµ − νs system is determined by the concen-
tration of neutrons V = GFnn/
√
2. For ∆m2 < 10−2 eV2 and energies E > 25
GeV the zenith angle (Θ) dependence of the νµ − νs survival probability has
rather peculiar form with two dips 35,38,39.
The wide dip with minimum at the zenith angles cosΘ ∼ −0.4, it reaches 1
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Figure 8: The neutrino masses and mixing in the Grand Unification scenario.
at cosΘ ∼ −0.8, is due to resonance enhancement of oscillations in the mantle
of the Earth. The second narrow dip at cosΘ ∼ −0.8 − 0.95 is due to the
parametric enhancement of oscillations for neutrinos which cross both the core
of the earth and the mantle of the Earth. The enhancement occurs when the
phase of oscillations in the mantle and in the core equals π. The integration
over the neutrino energies leads to significant flattening of the zenith angle
dependence of the upwardgoing muons 38. Shallow minima still can be seen
in the vertical bins and at cosΘ ∼ −0.6 ÷ −0.4. Such a dependence differs
from the one for the νµ − ντ oscillations (where the matter effect is absent).
It resembles the dependence in the MACRO experiment, where however, the
suppression in the vertical bins is stronger. Clearly, more data is needed to
identify the solution.
(ii) The rate of the neutral current events should be sustantially suppressed
in the νµ−νs case, and the rate is not changed in the νµ−ντ case. The best way
to study the NC effects is to detect the so called “π0” - events 40,41,42: isolated
π0 which can be identified by the two gamma decay. Main contribution to
“π0” - events comes from reaction
νN → νNπ0. (42)
At the SK, “π0” - events can also be generated by the charged current reactions
e.g. νµN → µN ′π0, when µ is below the Cherenkov threshold (similar is for
electron neutrinos). The νµ− ντ oscillations only weakly suppress the number
of “π0”, whereas νµ − νs can suppress the “π0” rate by 30 - 40 %.
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Preliminary SK data for 535 days give 210 “π0” events. This number
exceeds the expected 192.5 events. To avoid normalization uncertainties one
can consider the ratio of numbers of the “π0” - events and the e-like events:
π0/e. The experiment gives 1
(π0/e)data
(π0/e)MC
= 0.93± 0.07(stat)± 0.19(syst.) (43)
which is consistent with both channels of oscillations. The double ratio is
smaller than 1 in spite of the the excess of the π0 due to even larger excess of
the e-like events. Large systematic error in (43) is related to uncertainties in
the cross-sections. Notice that multi-pion production reactions give significant
contribution to the π0 events (due to Cherenkov radiation threshold one or even
more pions are not detected). In41 the total uncertainty was estimated as being
at the level 30%. The uncertainty will be diminished by direct measurements
of the cross-section in the “forward” detector of the long baseline experiment
K2K 40.
Another uncertainty is related to background, e.g., from interactions of
neutrons in the detector. For the π0 events this background is much more
significant than for the e-like events since only in 17% of cases π0 will induce
the e-like event.
It is also possible to study the zenith angle dependence of the π0-events
which is free of the uncertainties in the cross-section 42.
Another suggestion is to study the up-down asymmetry of the inclusive
multiring events 43.
Of course, the detection of the tau leptons produced by the ντ would be
direct way to identify the solution. However, the number of the expected events
is rather small 44, and it is difficult to reconstruct them.
6.3 Scheme with two degenerate neutrinos
Maximal mixing prefers strong mass degeneracy. Therefore the atmospheric
neutrino result can be considered as an indication that νµ and ντ are strongly
mixed in the two almost degenerate neutrino states: ∆m ≪ m2 ≈ m3 ≈ m0.
If m0 ∼ 1 eV, these neutrinos can compose the 2ν HDM component in the
Universe. In this case the splitting should be ∆m ≈ (2 − 5) × 10−3 eV. The
first neutrino composed, mainly, of νe can be much lighter: m1 ≪ m0, so that
no observable signal in the double beta decay is expected.
To explain the solar neutrino deficit one can introduce sterile neutrino
which mixes with νe. Then solar neutrinos undergo the νe → νs resonance con-
version. This solution is characterized by weaker day-night effect but stronger
22
distortion of the energy spectrum as compared with νe → νµ conversion. The
resulting scheme (fig. 9) can also explain the LSND result, if the admixture of
the νe in the heavy state is large enough Ue3 ∼ 2× 10−2 (see 45).
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7 On the Origin of the Sterile Neutrinos
7.1 Sterile neutrino or light singlet fermion?
From phenomenological point of view there is no difference between the sterile
neutrino and light singlet fermion. The difference can be related to the origin of
this state. We can keep the notion of the sterile neutrinos for the states which
have generation structure. That is, one may expect that there are three sterile
neutrinos. Such a possibility is realized in the GU theories with extended
symmetry like E6
46 where each fermionic generation (in 27-plet) contains
neutral fermion being a singlet of SO(10). Another realization is the models
with mirror symmetry 47, where each neutrino has its mirror counterpartner.
However, even in these cases it could be that not all three additional neutrinos
are light, and therefore number of light additional states is smaller than three.
Light singlet fermions have no generation structure. They follow from
some other sector of theory. Their number is not related to the number of
fermionic generations. It can be only one such a light singlet. For instance,
axino or susy partner of the majoron can play the role of the singlet 48.
Common questions are
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Why the singlet is so light ?
How does it mix with usual neutrinos?
A number of new possibilities has been considered recently.
7.2 Light singlet and supersymmetry
Some hint to the origin of the singlet may follow from the following numerology.
In the supersymmetric theories there are additional mass scales which can
determine properties of the singlet fermion: a scale of the supersymmetry
breaking (the gravitino mass m3/2), the µ parameter, the string scale and
Planck scale MP . The singlet may “know” about these scales.
Using mass parametersm3/2 (or µ) andMP one can compose the following
mixing mass :
mνS =
m3/2〈H2〉
MP
, (44)
where 〈H2〉 is the VEV of the Standard model Higgs, and it is obviously
needed to mix the doublet neutrino with singlet. The mass of the singlet can
be constructed as
mS =
m23/2
MP
. (45)
It is interesting that for the supergravity value m3/2 ∼ 1 TeV the masses mS
and mνS lead to oscillation parameters required for a solution of the solar
neutrino problem via the MSW νe → S resonance conversion 49. In particular,
the mixing angle is determined simply by the ratio of the electroweak scale
and the gravitino mass
θ ∼ 〈H2〉/m3/2. (46)
In the above example the mass parameters being proportional to m3/2 appear
when SUSY is broken.
Alternatively, one can use supersymmetric µ- parameter instead of m3/2
49,50. In this case mS and mνS exist even in the supersymmetric limit. This
opens a possibility to realize the scenario in models with gauge mediated SUSY
breaking, where m3/2 is small
50.
In 49 it was suggested that S originates from the Hidden sector of theory.
One possibility is that S is the modulino – supersymmetric partner of the
moduli field 49. In this case the R-parity should be broken.
If S is a non-moduli field, its properties can be determined by additional
U(1) gauge factor which is broken at TeV scale 49.
This idea has been elaborated recently in 51. Mass terms of the sterile
neutrino are generated by the non-renormalizable effective interactions with
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another Standard Model singlet S′ charged under additional U(1). The fol-
lowing effective couplings have been introduced in the superpotential:
LSH2
(
S′
Ms
)pD
+ STSS′
(
S′
Ms
)pM
+ ... . (47)
The parameters pD and pM are determined by U(1) charges of S and S
′; Ms
is the string scale. Additional singlet S′ has the following potential
1
2
m2softS
′2 +A
(
S′2+k
Mks
)2
, (48)
where the last term comes from the non-renormalizable interactions in the
superpotential and msoft ∼ TeV. Minimization gives
〈S′〉 ∼ (msoftMs)1/(k+1) . (49)
When S′ acquires the VEV, the interactions (47) generate the Dirac and the
Majorana masses:
mD = 〈H2〉
(
msoft
Ms
)pD/(k+1)
(50)
mM = msoft
(
msoft
Ms
)(pM−k)/(k+1)
. (51)
If pd = pM − k, then mD/mM ∼ 〈H2〉/msoft similarly to (46).
From practical point of view the most interesting example is when k = 1,
pD = 2 and pM = 3. It gives mD = 〈H2〉msoft/Ms and mM = m2soft/Ms
as in (44,45). For msoft ∼ 1 TeV they lead to solution of the solar neutrino
problem. To solve the atmospheric neutrino problem via νe ↔ νs oscillations
one need rather exotic values of parameters: k = 6, pD = 5 and pM = 12
which imply high dimension nonrenormalizable terms in the superpotential.
7.3 Composite fermions as sterile neutrinos
New possible origin of the light singlet fermions has been suggested in 52. It
is assumed that there is a new sector of the theory which includes preons
and gauge interactions with strong dynamics at some scale Λ. This dynamics
leads to confinement of preons. Moreover, it is assumed that the dynamics
leaves unbroken a chiral symmetry and therefore generates massless composite
baryons. These composite states are identified with sterile neutrinos.
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An example of SU(n + 4) (n ≥ 1) gauge theory has been elaborated.
Massless baryons have the structure
Bij =
1
Λ3
ψiAψj , (52)
where A is antisymmetric tensor and ψi are antifundamentals (i = 1...n). Such
a theory is shown to produce n(n+ 1)/2 massless baryons.
The interactions of preons with the SM particles is realized via high dimen-
sional operators suppressed by power of the mass scale M . Moreover, M ≫ Λ
and it is this inequality leads to smallness of the mixing mass. In particular,
the following terms were introduced:
λijα
1
M3
ψiAψjLαH
† =
(
Λ
M
)3
λijαψiAψjLαH
† , (53)
where Lα and H are the SM leptonic doublet and Higgs. The mass of Bij
can be also generated by the non-renormalizable operators which break chiral
symmetry:
hijkl
1
M5
ψiAψjψkAψl = h
ijklM
(
Λ
M
)6
BijBkl. (54)
From (53,54) we get: mνS ∼ λ〈H〉(Λ/M)3, mS ∼ M(Λ/M)6. For M ∼ 1018
GeV and Λ ∼ 1013 GeV the neutrino masses are in the range of small mixing
MSW solution of the solar neutrino problem.
8 Summary
1). Large lepton mixing can be well consistent with our standard notions:
hierarchy of masses weak interfamily connection, the see-saw mechanism. It
can be just artifact of the see-saw mechanism (see-saw enhancement).
2). The large lepton mixing can however be an indication of physics beyond our
standard notion. Still it is consistent with unification of quarks and leptons.
Large mixing in νµ − ντ channel can be naturally reconciled with small
mixing in other channels.
3). An extreme point of view is that large lepton mixing is the mixing of muon
neutrino with new state – sterile neutrino. This possibility can be checked by
studies of the π0 events and the zenith angle dependence of the upward going
muons.
4). The introduction of sterile neutrino can be motivated by explanation of
large lepton mixing. This allows one to keep all flavor mixings to be small,
and to rescue natural scenarios of neutrino mass and mixing.
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Large νµ−ντ mixing can be naturally associated with mass degeneracy. In
such a scheme, the solar neutrino problem is solved via the νe− νs conversion.
The latter can be checked by studies of correlation of the spectrum distortion
and the day-night effect at SK and in future by studies of the neutral current
interactions in Sudbury Neutrino Observatory.
5). The number of the phenomenological schemes of neutrino masses and
mixing is rather restricted now. Clear signatures exist for each scenario. The
key steps in reconstructing the neutrino mass spectrum are:
(i) identification of the solutions of the atmospheric neutrino problem:
νµ − ντ or νµ − νs;
(ii) clarification of the role of the subdominant mode νµ − νe in the oscil-
lations of atmospheric neutrinos;
(iii) identification of the solution of the solar neutrino problem: Just- so,
MSW or may be something else?
(iv) clarification of a role of sterile neutrinos in conversion of the solar
neutrinos.
9 Note added
Materials included in this review have been published or reported before the
Symposium (middle of June, 1998). Since that time large number of new papers
in the field has been published. Below we give some relevant references.
1. Phenomenology of various scenarios of neutrino mass and mixing have
been studied in 53,54,55,56.
2. A number of publications 57,58,59,60 is devoted to properties of the
mass matrices (textures, symmetries) which lead to explanation of the solar
and atmospheric neutrino problems. Scenario with bi-maximal mixing is of
special interest (for the phenomenological aspects see e.g.62). There are several
attempts to construct the model which naturally leads to bi-maximal mixing.
Gauge model with four generations and certain discrete symmetry has been
suggested in 63. Another version 64 is based on the left-right symmetric gauge
model with additional S3×Z4×Z3×Z2 symmetry. See also65. The bi-maximal
mixing has been also considered in the MSSM with single RH neutrino 66 as
well as in SO10 GUT
67.
3. Consequences of the U(1) flavor symmetry for the neutrino mass matrix
and lepton mixing were further elaborated in 68,69,70,71. It is argued that large
lepton mixing can be a natural consequence of the U(2) flavor symmetry 72.
4. The “democratic approach” has been summarized in 73. As is shown
in 74 the democratic mass matrices can be “embedded” in the Grand Unified
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SU(5) model. The scenario with three degenerate neutrinos has been discussed
in 75.
5. Aspects Generation of large lepton mixing has been considered in min-
imal version of the see-saw mechanism 76 in GUT 77, in models with radiative
mechanism 78, and in composite model 79.
New possibilities of the description of neutrino data in models with gauge
mediated SUSY breaking have been studied in 80.
6. A number of papers is devoted to generation of neutrino mass in super-
symmetric models via the R-parity violating interactions 81,82,83,84,85.
7. Phenomenology of schemes with more than 3 light neutrinos and prop-
erties of the corresponding mass matrices were discussed in 86,87,88,89.
There are new attempts to construct a (3 + 1)- model (three active neu-
trinos and one sterile neutrino) based on the radiative mechanism 90 as well as
singular see-saw 91.
8. New mechanism for generation of the light sterile neutrino in the super-
symmetric model with gauge mediated SUSY breaking 92 has been suggested.
The see-saw model of sterile neutrino was considered in 93.
9. Completely new possibilities to explain smallness of neutrino mass and
the lepton number violation as well as appearance of the light singlet states
are based on existence of large extra dimensions 94,95,96, see also 97.
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